Evidence has been accumulated for attached cells demonstrating that nonirradiated cells can have a response to the ionization events delivered to their neighbors. In the present study, we first investigated the bystander responses between suspension and neoplastic cells by coculturing L5178Y (LY) cells with human salivary gland (HSG) cells that had been irradiated with either 290 MeV/u carbon ions or X-rays. After this coculture, the survival of nonirradiated recipient LY cells showed dichotomous responses to the irradiation dose delivered to HSG cells. Apoptosis and necrosis were also produced in a 48 h subculture of the recipient LY cells, and their yield increased, but then had a tendency to decrease when the irradiation dose increased. Treatment of cells with PTIO, a nitric oxide specific scavenger, diminished apoptosis and necrosis of the recipient LY cells to the control level. As an oxidization product of NO, nitrite was detected in the coculture medium and its time course corresponded well to the decrease of the viability of irradiated HSG cells. Moreover, the relationship of the survival and the apoptotic and necrotic production of the recipient LY cells to the nitrite concentration followed a linear-quadratic model. The present findings of NO being involved in the radiation-induced bystander effect may have significance in terms of radiotherapy.
INTRODUCTION
It has been thought for many years that the heritable biological effects of radiation requires an interaction of the radiation with DNA either by direct ionization or by the production of hydroxyl radicals in water molecules close to the DNA. Presumably, no effect would be expected in cells that received no direct radiation exposure. Recently, however, evidence has been presented demonstrating that low doses of α particles lead to the formation of sister chromatid exchanges (SCE) in 30% of the cell population even though only 1% of the cells' nuclei have been traversed by an α particle. 1) This phenomenon has been termed the "bystander effect," through which cells in the vicinity of directly targeted cells can respond to the radiation. By the use of several experimental approaches such as very low dose α particle where not every cell nuclear is traversed, microbeam irradiation of selected few cells in a population, and transfer of medium harvested from irradiated cells to cultures of nonirradiated cells, reports of the bystander effect have appeared with multiple biological end points, including cell killing, inductions of micronucleus, mutation, and genomic instability. [2] [3] [4] Although gap junctional intercellular communication (GJIC) is an important pathway for the production of bystander responses, [5] [6] [7] [8] [9] it is not always required. By irradiating nonconfluent human fibroblast cells with a precise number of particles, the findings that targeting of a single cell led to additional 10s of cells being damaged 10, 11) give direct evidence of non-GJIC involved but the likelihood of mediummediated bystander responses. These responses are thought to be relative to the genotype of irradiated cells. The medium harvested from γ-ray irradiated epithelial cells, but not from human fibroblasts, reduced the clonogenic survival and increased the incidence of apoptosis in the nonirradiated epithelial or fibroblast cells. 12) In contrast, Iyer and Lehnert have reported that the medium from irradiated HFL1 fibroblast cells clearly stimulated the growth of nonirradiated HFL1 cells. 13) It has been found that some signaling factors including reactive oxygen species (ROS), 14) and transforming growth factors 13) can be produced from the irradiated cells and play important roles in the medium-mediated bystander effect. Furthermore, the accumulation of inducible nitric oxide synthase (iNOS) and the activity of constitutive NOS have been known to be an early signaling event induced by irradiation 15) so that nitric oxide (NO) becomes an important bystander sig- naling factor. [16] [17] [18] However, most of the previous work applied either attached cells or three-dimensional cultures 19, 20) but not suspension cells as a model to study radiation-induced bystander response. In the present work, nonirradiated suspension lymphoma cells were cocultured with neoplastic epithelial cells that had been irradiated by either carbon ions or X-rays, and the bystander response and its mechanism to the lymphoma cells were investigated.
MATERIALS AND METHODS

Cells
The neoplastic epithelial duct cell line, HSG, established from human salivary gland 21) and the L5178Y (LY) suspension murine lymphoma cell line were maintained in RPMI1640 culture medium supplemented with 10% fetal bovine serum, 100 µg/ml streptomycin, and 100 units/ml penicillin. The cells were grown at 37°C in a humidified atmosphere containing 5% CO2. Both HSGc and LY cell lines harbor mutated-p53. 22, 23) Cell irradiation and coculture 290 MeV/u carbon ions with a dose-averaged LET of 100 keV/µm and X-rays were used as irradiation sources. The carbon ions were generated by the HIMAC (Heavy Ion Medical Accelerator in Chiba) facility of the National Institute of Radiological Sciences. The X-ray was produced by a Shimadzu generator (PANTAK-320S) operated under 200 kV and 20 mA with 0.5 mm Al and 0.5 mm Cu filters.
A cell coculture dish set consisting of an insert dish (Falcon No. 3099) and its companion TC plate well (Falcon No. 3052) was used for cell coculture. The insert dish has 0.45 µm pores with a density of 1 × 10 8 /cm 2 at its permeable membrane bottom to allow for the passage of molecules. 10 6 HSGc cells were seeded in the insert dish 10-12 h before irradiation so that they were irradiated in the log-phase growth. It has been reported that an exposure of serum-containing culture medium to α particles results in the generation of a shortlived SCE-inducing factor in which ROS is involved. 14) To avoid any possible effect of reactive species generated from irradiated medium, the medium was removed from the insert dish, the HSG cells were washed with PBS, and a drop of PBS was added to the insert dish to keep cells hydrated during the irradiation. The control cells were treated by the same protocol except irradiation.
Immediately after irradiation, 1.5 ml medium was added to each insert dish where the irradiated HSG cells were grown. At the same time, 2 × 10 5 LY cells with 1.8 ml medium were added in each companion well. The irradiated HSGc cells and the nonirradiated LY cells were then cocultured for 15 h or 24 h. In some experiments, 100 µM 2-phenyl-4, 4, 5, 5-tetramethylimidazoline-1-oxyl 3-oxide (PTIO, Sigma), an NO-specific scavenger, 24) was present in the medium during the cell coculture procedure.
Presumably, the cocultivated nonirradiated cells could be influenced by the irradiated cells, so we referred the nonirradiated LY cells and the irradiated HSGc cells as recipient cells and donor cells, respectively. Corresponding to the actual irradiation dose exposed to donor HSGc cells, we applied "donor dose" to describe the influence of donor cells to recipient cells.
Cell viability and survival assay
The viability of the donor HSG cells was assessed by using the trypan blue dye exclusion test. At the destined time after irradiation, the donor HSG cells were trypsinized and stained by 0.4% trypan blue. The dead blue-stained cells and the unstained viable cells were identified with a microscope and counted in a hemocytometer.
The survival of the recipient LY cells was measured by the standard colony formation method. After the cell coculture procedure, an appropriate numbers of the LY cells in 1 ml medium containing 0.25% agarose were plated onto a 60 mm dish based with 5 ml medium containing 0.5% agarose. With 10 days of incubation, the cell survival was determined by scoring the number of surviving colonies. The plating efficiency of LY cells was about 75%.
Determination of apoptosis and necrosis
Our previous experiment showed that the apoptosis and necrosis of LY cells could be effectively expressed after 48 h of irradiation. 25) Here 1 × 10 5 recipient LY cells were subcultured for 48 h, then collected and washed twice with PBS for the apoptosis and necrosis analysis with the Annexin V-FITC Apoptosis Detection Kit (Sigma Co.). Briefly, 5 µl of Annexin V-FITC and 10 µl of propidium iodide (PI) were added in a 500 µl LY cell suspension of the binding buffer. After 10 min, cell fluorescence was determined by a flow cytometer (FACScan, Becton Dickinson) with the CELLQuest software. Early apoptotic cells were stained by Annexin V-FITC alone. Necrotic cells were stained by both PI and Annexin V-FITC. Live cells showed no staining by either PI or Annexin V-FITC.
Measurement of nitrite in the coculture medium
After cell coculture, the medium was collected and centrifuged at 2,000 rpm. Nitrite concentration in the supernate was colorimetrically measured by using the Griess reaction.
26) The reagent mixture contained 0.5% sulfanilic acid, 0.002% N-1-naphthy-lethylenediamine dihydrochloride, and 14% acetic acid. Fifty µl of the medium was mixed with 950 µl of the reaction reagent at room temperature for 20 min, and their optical density at 540 nm was measured. Solutions of sodium nitrite dissolved in fresh medium with various concentrations were used as a standard to obtain a calibration curve. 
Statistical analysis
Statistical analysis was done on the means of the data obtained from two to three independent experiments. All results are presented as means ± S.E.. Significance was assessed by using the Student's t-test at p < 0.05.
RESULTS
Radiation-induced lethal damage in the donor HSG cells
As a result of radiation, lethal damage was produced in the donor HSG cells irradiated by either carbon ions or X-rays during the cell coculture procedure. Figure 1 illustrates a typical time course of the viability of irradiated HSG cells within 24 h after irradiation. A fast cell death response was induced less than 20 min after irradiations. Five h after irradiation, the viability of HSG cells decreased with a reduced rate, and its decrease rate for 100 keV/µm carbon ions irradiation was larger than that for X-ray irradiation. For instance, 10 h after irradiation,~30% of the cells were killed by carbon ions, but only~15% were killed by X-rays. Therefore the high-LET irradiation was more effective in cell killing than the low-LET irradiation, which is consistent with the result measured by using a colonic formation method.
17)
Bystander responses in the recipient LY cells
To investigate whether the nonirradiated LY cells can respond to the radiation exposed to their neighboring HSGc cells, at first the survival of the recipient LY cells was measured, and its response to the donor dose was illustrated in Fig. 2 . In general, the survival of the recipient LY cells decreased and had a linear-quadratic relationship to the donor dose, indicating that part of the recipient LY cells was lethally damaged by their vicinal irradiated HSG cells. This bystander cellular damage was found to be relative to the LET of irradiation; the donor HSG cells irradiated by 100 keV/µm carbon ions were much more effective in reducing the survival of the recipient LY cells than those irradiated by X-rays. However, there was an exception of the recipient LY cells' survival. When the donor HSG cells were irradiated with 1 Gy of 100 keV/µm carbon ions, the survival of the recipient LY cells was increased to 1.08 (p < 0.05).
Second, we further detected the induction of apoptosis and necrosis in the recipient LY cells by using the Annexin V-FITC Apoptosis Detection Kit. For this purpose, 1 × 10 5 of the recipient LY cells was subcultured for 48 h to allow for cellular damage expression. In . Here the cells labeled with Annexin V, i.e., the apoptotic and necrotic cells, were defined as the lethal damaged cells, and their percentage in the total sorted cells was calculated by the Cell-Quest software. Apparently the Annexin V + population in the LY cells that had been cocultured with the HSG cells irradiated by 5 Gy of 100 keV/µm carbon ions was greater than that in the control that had been cocultured with nonirradiated HSG cells. Fig. 4 illustrates the dose response of the lethal damaged cells, largely being necrotic cells, in the 48 h subculture of the recipient LY cells, where the background of about 5% in the control has been excluded. It is seen that the percentage of the damaged LY cells increases with the donor dose, but it has a tendency to saturate, and it even decreases when the donor dose increases. Moreover, in consistency with the cell killing response shown in Fig. 2 , the high-LET carbon ions irradiated donor HSG cells possessed a higher cytotoxic effect of inducing cell damage on their neighboring nonirradiated LY cells than the low-LET X-rays The results in Figs. 2-4 give clear evidence to demonstrate that bystander responses in the nonirradiated suspension cells has been induced by their neighboring irradiated adhesive neoplastic cells. To explore what signaling factor could be involved in the bystander response, 100 µM PTIO was added in the medium during cell coculture. The result showed that this treatment fully reduced the lethal damage of the recipient LY cells (see Fig. 4 ). Thus NO molecules might contribute to the radiation-induced bystander effect.
Nitrite production in the coculture medium
We further measured the production of nitrite in the coculture medium to reinforce the above deduction. If NO can be induced by irradiation, as an oxidization of NO, nitrite should exist in the coculture medium. This idea was supported by Further studies found that at the time of cell damage measurement, i.e., 15 h after irradiation, the concentration of nitrite in the coculture medium was related to the dose and LET of the irradiation (Fig. 6) . The nitrite induction increased with the irradiation dose, but had a tendency to decrease in a high dose. In regard to the same dose, a higher LET irradiation produced a higher concentration of nitrite. Whereas when PTIO was present in the coculture medium, the concentration of nitrite was eliminated to the control level, which indicates that the detected nitrite was indeed generated from NO.
Relationship of nitrite to the bystander responses in the recipient LY cells
The results in Fig. 2 and Fig. 4 showed that the bystander responses in the recipient LY cells depended on the donor 
DISCUSSION
The present study clarifies that the bystander effects of cell killing, apoptosis and necrosis can be induced in the nonirradiated LY lymphoma suspension cells during a 15 h coculture with the neoplastic HSG cells that have been irradiated by either high-energy carbon ions or X-rays. The bystander cell killing effect is so high that it is comparable to the lethality resulting from direct irradiation. Other studies have shown that a single targeted cell within a population can even induce additional chromosome damage in other 10s to thousands of nonirradiated cells, 3, 8) so that about 10% of cells are killed. 28) Furthermore, the phenomenon that the bystander damage can be eliminated by PTIO and the production of nitrite in the coculture medium indicate that NO plays an important role in inducing these bystander effects. When and where is NO produced? It is found that the production of nitrite depends on the dose and LET of the irradiation exposed to the HSG cells (Fig. 6 ) and that the product kinetics of nitrite corresponded well to the time course of the viability decrease of the donor HSG cells (Figs. 1 and 5 ). Therefore NO should be released from the irradiated HSG cells during cell-programmed death. NO is believed to be endogenously generated from L-arginine by inducible NO synthases 29) that can be activated in mammalian cells bearing a mutated-p53 gene after exposure to radiation.
16) The induced NO will react with glutathione or proteins containing reduced cysteine moieties to yield S-nitrosothiols, which are more or less unstable with half-lives from min to hours and thus can decompose to release NO again. 30) Therefore in biological environments, the generation of NO can maintain quite a long time, as shown in Fig. 5 . In an aerobic aqueous solution, the cytotoxic effect of NO is believed to result largely from the formation of peroxynitrite (ONOO -). 31, 32) Furthermore, some downstream products of NO, such as TGF-β, 33) may also contribute to the bystander responses. Cells treated with TGF-β1 undergo a timedependent increase in DNA cleavage 34) and the induction of apoptosis.
35)
One present finding is that the NO production and thus the bystander responses have a relationship to the dose and LET of the irradiation. With the same dose, such as 3 Gy, the percentage of damaged LY cells and the concentration of nitrite induced by 100 keV/µm carbon ions are higher than these induced by X-rays. But when the irradiation dose becomes much higher, the induction of nitrite will be reduced (see Fig.  6 ). This may because with high-dose irradiation, many HSG cells die very quickly; thus the number of cells contributing to NO production is reduced. This assumption can be enhanced by our pilot experimental data that the nitrite induction increases along with the number of irradiated HSG cells.
Another interesting finding is that when the donor HSG cells are irradiated with 1 Gy of carbon ions, the survival of the recipient LY cells does not decrease, but is significantly increased by 8% (Fig. 2) , which is consistent with reports that bystander responses play a role in increasing cell-plating efficiency 17) and radioresistance. 16) This increase may result from the multiple bioresponses of NO; for example, cell growth can be increased by a low concentration of NO, but is inhibited by a high concentration of NO. 36) Basically, NO molecules exert complex and often contradictory multiactions because they do not act via a specific receptor. Instead, several different molecules serve as potential targets for the chemical reactions of NO. 37) In summary, this study demonstrates that the nonirradiated lymphoma cells are influenced by their vicinal-irradiated HSG cells in multiple aspects, which depend on the dose and LET of the irradiation delivered to the donor HSG cells. The radiation-stimulated production of NO is involved in these bystander effects. The present finding of the bystander effects induced by irradiated neoplastic cells through a NO-mediated pathway may not only have significance on the cancer risk assessment of a low dose of environmental radiation, such as that from space flight, 38) but also is important in terms of radiotherapy. The bystander cell killing effect hints that potential new approaches may be developable to improve the efficiency of the radiation treatment of cancer cells.
